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I. Introduction
ne of the critical technologies needed for the continuation of the United States' air and space superiority is hypersonic air-breathing propulsion vehicles. Such vehicles will be used for reconnaissance and payload delivery through the use of cruise missiles or manned and unmanned aircraft. Hypersonic aircraft will also provide affordable and relatively fast access to space. The speeds reached by hypersonic vehicles (Mach 5 or greater) will greatly improve the time critical intelligence gathering and strike capability of our nation's military. In addition, the increased kinetic energy of hypersonic vehicles will improve the performance of penetration weapons and warheads.
A. Background
One of the options for the propulsion system of a hypersonic vehicle is an air-breathing Supersonic Combustion Ramjet or Scramjet. The United States has an ongoing research effort into the subject, through the National Air and Space Administration (NASA), private industry, and several agencies in the Department of Defense (DoD), such as the Defense Advanced Research Project Agency (DARPA) with its Force Application and Launch from CONUS (FALCON), the Navy's Rapid Response Missile Program, the Army Scramjet Technology Program, and the Air Force with the Air Force Research Laboratory (AFRL) Propulsion Directorate's Hypersonic Technology (HyTech) Program. 1 As the velocity of the free stream air through the scramjet increases, a longer combustion chamber is needed to increase the residence time of the oxygen, allowing the fuel-oxidizer mixing and combustion process to complete prior to exiting through the expansion nozzle of the engine. However, increasing the length of the combustion chamber increases the overall weight of the aircraft and the drag as well as the thermal losses, reducing the efficiency of the engine. As a result, a short combustion chamber is desired for scramjet engines. The need arises for small combustion chamber designs that minimize fuel-air mixing time while sustaining a complete combustion process within the chamber and minimize the drag, pressure, and thermal losses of the engine.
B. Previous Research
Three general techniques for flameholding and flame stabilization in scramjet engines have been developed and investigated. 2 One of the first techniques studied for flameholding and mixing is achieved using the organization of a recirculation area that allows fuel and air to be mixed at subsonic velocities. Controlled interaction of a shock wave with mixed fuel and oxidizer is another method investigated for flameholding and stabilization. The final technique is the formation of unmixed fuel and air structures which allow a diffusion flame to occur as the fueloxidizer structures move downstream.
The simplest approach to mix fuel with the freestream air in a scramjet combustor is direct transverse injection or angled injection of fuel. 2 As the fuel jet interacts with the supersonic freestream flow, a bow shock is produced. This causes the upstream shear layer to separate, which in turn creates a subsonic mixing region and combustion region upstream of the fuel jet. The transverse injection resulting bow shock can be strong, and may result in relatively large total pressure losses through the chamber. 2 The angled injection bow shock is weaker than that of transverse injection and results in comparatively less total pressure losses; however, the mixing and stable combustion region is typically smaller. 2 The next iteration of flameholding, flame stabilization and mixing incorporates a step on the combustion chamber floor. 2 At the base of the step, fuel is transversely injected. This step creates a longer recirculation zone for mixing and combustion compared to that of direct injection or angled injection into the freestream flow. The hot gases from the combustion process also serve as a continuous ignition source. This method results in relatively high total pressure losses as a combined bow and step-induced shock form near the injection port. 2 Acoustic actuators have been shown to significantly alter subsonic flow fields and greatly increase shear layer growth rates. 3 Subsonic acoustic actuators in supersonic flows are less effective due to the stability characteristics of compressible shear layers. Compressible shear layers are found to be poorly organized and strongly three dimensional, making it extremely difficult to induce and maintain organized structures and properties for communication downstream in the flow field. 3 Typical supersonic flows require high frequency excitation which most subsonic actuators can not provide. One acoustic actuator found suitable is the inclusion of acoustic resonance cavities adjacent to the supersonic flow field. 3 Acoustic cavities provide a method to excite supersonic flows to the point of significant change in the mixing characteristics of shear flow. Cavity induced oscillations in turbulent compressible shear layers demonstrate the ability to manipulate the fuel-air mixing rate and change the combustion characteristics downstream of the resonance cavity. 3 
O
Incorporation of acoustically open cavities on the walls of the scramjet combustion chamber provides a relatively large and stable region for mixing and flameholding. An acoustically open cavity is defined to have a length-todepth (L/D) ratio, generally less than 10, such that the shear layer reattaches to the downstream wall of the cavity, not the floor. An acoustically closed cavity is defined to have an L/D ratio sufficiently large enough (greater than 10) that the shear layer reattaches to the cavity floor. 4 Investigations demonstrate closed cavities have a much higher drag penalty than open cavities. 2 The pressure losses through the combustion chamber due to the open cavity are relatively small. The existence of the cavity allows a small region for subsonic fuel-air mixing and combustion to exist adjacent to the supersonic freestream flow. 4 Open cavities with L/D on the order of unity create sustained oscillations in the transverse mode (Fig. 1) . 5 As the free-stream air flows over the cavity, a vortex is shed from the leading edge of the cavity. Eventually, the vortex fills the cavity and entrains mass from the freestream, compressing the gas trapped beneath it. The increased pressure created from the entrainment and compression ejects the vortex into the free-stream flow. A new vortex forms and leads to self-sustained oscillations in the cavity. The frequency of the ejected vortices is controlled by the flow conditions and dimensions of the cavity.
Open cavities with an L/D ratio greater than unity oscillate in the longitudinal mode (Fig. 2) . 5 A large vortex is found to stabilize near the downstream wall of the cavity. This organized structure moves in the transverse direction controlling the inflow of mass and momentum to the cavity at the trailing edge. The trailing edge vortex is replenished by a continuous series of vortices shed from the leading edge of the cavity. An acoustic compression wave is created by the impingement of the shear layer on the downstream wall of the cavity. This wave reflects from the upstream wall, travels downstream deflecting the shear layer, allowing the mass entrained in the cavity by the trailing edge vortex to escape. 2 In order for a cavity to operate as a stable flame holder, the cavity must demonstrate suitable performance in such areas as static pressure within the flame holder, entrainment rate, residence time, and drag. The cavity must also show acceptable performance across a range of operating conditions, such as those experienced in a dual-mode scramjet. In a dual-mode scramjet, a relatively strong pressure rise inside the combustion chamber exists at ignition and relatively low flight Mach numbers. 6 The energy added to the freestream flow from the combustion process causes the approaching supersonic flow to decelerate through a series of shock waves, increasing the static pressure and slowing regions of flow in the combustion chamber to subsonic speeds. This combination of supersonic and subsonic flows experienced by the chamber over the flight envelope is designated dual-mode operation. As the flight Mach number increases, the shock-train weakens and the flow through the combustion chamber returns to completely supersonic speed. In the test environment, the shock train is created by raising the backpressure of the test section. To stabilize the flame inside the cavity, a means to steady the cavity flow is needed. One solution discovered to aid in stabilization is decreasing the wall or ramp angle ( ) of the downstream wall of the cavity. 7 Decreasing the ramp angle creates a more acoustically stable cavity flow and in turn creates a more stable region for the combustion process. Entrainment of the freestream into the cavity also increases because the shear layer impinges deeper into the cavity. The resultant drag on the downstream surface of the cavity increases because the relatively high pressure of the shear layer acts on a larger surface area. Another limitation discovered is that the residence time of the fuelair mixture within the cavity decreases as the aft ramp angle decreases. Cavities with small ramp angles exhibit one primary recirculation zone and exchange mass more freely with the freestream compared to cavities with larger ramp angles that exhibit the secondary vortex structure near the leading wall. The strong interdependence of all flow characteristics in the flameholding cavity had to be taken into account to provide a robust design. Research at the Propulsion Sciences Branch (PRAS) of AFRL led to the design of a dual-mode flameholding cavity with a depth of 0.65 inches, and overall length of 3.08 inches (L/D = 4.7) and a ramp angle of 22.5 degrees (Fig. 3) . Several fueling schemes for the cavity tested included injection upstream of the cavity which allowed entrainment of fuel and air into the cavity as well as direct cavity fueling with the necessary oxidizer entrained from the freestream. The direct cavity fueling methods injected fuel at one of two locations, from the floor of the cavity near the upstream wall, and from the downstream ramp of the cavity. Injection from the ramp of the cavity was the only fueling scheme that demonstrated sustained combustion throughout dual-mode operation. 6 Acoustic resonance cavities placed in tandem in supersonic flow have been shown to have great influence on each other. 8 When a cavity precedes another, the flow over the downstream cavity is strongly affected by the upstream cavity through modifications in the shear layer. The interaction between two cavities in tandem is driven by the type and streamwise location of each cavity.
When a cavity dominated by the transverse oscillation mode is paired with another cavity of the same dimensions, the basic flow features of the downstream cavity are not greatly affected. The oscillatory frequencies of the upstream cavity are found in the downstream cavity as well as downstream of each cavity on the test section floor. Any high frequency modes are damped in the downstream cavity while the dominant mode inside the cavity is enhanced. The shear layer experiences a slight increase in thickness after each cavity. When a cavity dominated by the longitudinal mode is paired with another cavity of the same type, the upstream cavity was shown to set the phase of the oscillations in the downstream cavity. The increased mixing level in the shear layer caused by the oscillation in the cavity was found to increase the boundary layer thickness significantly. Any disturbances generated by the upstream cavity were amplified by the downstream cavity. 
C. Current Study
The following sections describe recent efforts to obtain additional information of the fluid-mechanic characteristics of direct-injection acoustically open resonance cavities and the effects on the downstream combustion chamber. The primary goal of this experiment was to characterize the mixing effectiveness of an upstream cavity coupled with fuel injected at different locations inside the cavity. The secondary goals were to determine the effect on static pressure through the test section by the inclusion of the upstream cavity and the injectant as well as to determine if the acoustic characteristics of the upstream cavity were carried downstream by the shear layer to the downstream combustion cavity, raising the shear layer higher into the free stream and creating a greater ignition area for the freestream fuel-air mixture. Advanced visual and pressure diagnostics were used to collect the data necessary to improve the understanding of the flowfield-injectant interactions.
II. Experimental Setup

A. Test Facility
The AFRL/PRAS Large-Scale Supersonic Combustion Research Facility is an in-house facility capable of allowing studies of the enhancement and control of fuel-air mixing in supersonic combustors with conventional and state-of-the-art non-intrusive diagnostic techniques. The tunnel design provides optical access from three sides of the test section through fused silica windows which provide excellent transmissive properties in the ultraviolet wavelengths. The nozzle sidewalls, as well as the top and bottom walls of the test section are equipped with conventional static pressure and thermocouple taps. Further details of the test facility are described elsewhere. 9 A two-dimensional converging-diverging Mach 2 nozzle section, configured with an asymmetric nozzle, is used to develop the desired inlet conditions. The facility nozzle is configured with nozzle blocks to create a 2-inch high by 6-inch wide exit to create the Mach 2 flow through the test section. The test section is equipped with inserts to create a constant-area isolator section 7 inches in length. The constant area isolator allows the tunnel to function in ramjet, scramjet and dual modes. In the ramjet configuration, the backpressure is raised to move the shock structure completely into the isolator section creating purely subsonic flow in the test section. Lowering the backpressure moves the shock structure into the test section. Lowering the backpressure further creates purely supersonic flow in =22.5 degrees 0.65" 3.08" =22.5 degrees 0.65" 3.08" the test section. The isolator section is followed by an insert creating an expansion section diverging at 2.5 degrees 29.125 inches in length.
B. Test Procedure
The three upstream mixing cavities are flush-mounted to the divergent ramp individually upstream of the combustion cavity (Fig. 4) . All three cavities have the same general dimensions except for the streamwise length of the cavity. Each cavity is 1.0 inches deep by 2.34 inches wide in the spanwise direction. The three cavities have streamwise lengths of 0.75 inches, 1.00 inches, and 1.25 inches, respectively (L/D = 0.75, 1.00, and 1.25). These cavities are acoustically open and designed to create transverse oscillations to enhance injectant mixing with the freestream with less total pressure loss compared to injection on the test section floor. Each cavity floor has three injection ports in three streamwise locations along the cavity. The injection port locations are tangent to the leading edge, the center of the cavity, and tangent to the downstream wall of the cavity.
Pressure Systems, Inc. (PSI) pressure transducers and Type-K thermocouples are connected along the nozzle and test section per the facility's standard operating procedure. Data are recorded once per second for 10 seconds for each test condition. Kulite XT-190 series high frequency response pressure transducers with a pressure range of 0-50 PSIA are installed for collection of high-frequency pressure oscillations inside the upstream cavities and the downstream combustion chamber. The pressure was sampled at 100 kilohertz (kHz). All components are connected to the AFRL/PRAS developed in-house data acquisition system consisting of off-the-shelf subsystems.
The flow through the test section is then allowed to stabilize at one of two backpressure conditions. The high back pressure setting simulates the ignition transient at low Mach numbers, creating a shock-train and a mixed supersonic-subsonic flow in the test section. The low backpressure condition simulates higher Mach numbers where the shock-train weakens and the freestream flow returns to supersonic. The low backpressure setting is the operating condition of interest as previous research shows greatly increased mixing at the high-backpressure setting.
For each run, two of the upstream cavity injection taps are capped while the third is connected to the facility's nitric oxide (NO) gas injection system. A dome loader, controlled remotely with an air-actuated isolation valve, regulates the injection pressure into the cavity. The gas is injected at three pressures (50, 100, 200 PSIG) per injection location.
C. Planar Laser-Induced Fluorescence (PLIF) Diagnostics
NO-PLIF is used to track the penetration height and width of the injection plume visually at various locations downstream. A supply of air is seeded with NO-doped N 2 (10,000 ppm NO mole fraction) to simulate fuel injection into the cavity. A Millipore Tylan 2925 Series Mass Flow Controller of 500 Standard Liters Per Minute (SLPM) controls the seeding prior to injection. The fraction of NO/N 2 is relatively low, so that the net electronic quenching rate is roughly independent of the mixture fraction of the injectant. This allows the intensity of the fluorescence to be correlated with the concentration of the NO regardless of the observed position in the flow. Increasing the injection pressure requires more NO-doped N 2 mixed with the air prior to injection to maintain comparable intensities between injection pressures.
For laser diagnostics using the NO-PLIF technique, a Lumonics Hyperdye dye laser is pumped with the second harmonic of an injection-seeded Spectra Physics Nd:YAG laser (GCR-170). The dye laser output is frequencydoubled using an Inrad Autotraker III. To generate the wavelength for NO excitation, a second Autotraker III is employed where the doubled-dye beam is frequency-mixed with the residual infrared (IR) beam from the Nd:YAG. For NO excitation, the dye laser is set to a wavelength of 574 nm to produce frequency-mixed radiation at 226 nm.
To generate the wavelength for NO excitation, a second Autotraker III is employed where the doubled-dye beam is frequency-mixed with the residual infrared (IR) beam from the Nd:YAG. For NO excitation of the R 1 (6. oscilloscope) using a photodiode (for the energy) and the combination of a reference flame, to produce NO, and a photomultiplier tube (to detect the LIF signal). The laser sheet is formed using a pair of lenses, a plano-concave cylindrical lens (-50 mm [CDC1]focal length) and a plano-convex spherical lens (1000 mm focal length). This arrangement results in a sheet height of approximately 3 inches. The transmitting and receiving optical hardware are positioned on a traversing table allowing remote positioning of the measurement volume at any desired station in the flow field.
A Princeton Instruments PIMAX Charge-Coupled Device (CCD) digital camera with a 512 by 512 pixel array, which was binned 2 by 2, is employed to record NO PLIF images. For the end-view imaging a Nikon 105-mm f/4.5 UV lens-fitted with a single Schott glass UG-5 filter to transmit fluorescence from the (0,1), (0,2), (0,3)… bands and block scattering at 226 nm-was employed; for side-view imaging a Cerco 45-mm f/1.8 lens was employed along with the UG-5 filter. Because images are collected at the laser repetition rate, 10 Hz, they are not time correlated.
The profile or cross-flow visualization places the laser sheet on the center line of the test section. End view images are collected at the upstream wall, center, and downstream wall of each cavity as well as 2 inches downstream from the leading edge. Because of limited visual access through the end of the test section, the camera is place at an angle to the side window of the test section. Perspective image distortion-a result of off-axis imaging-is corrected using a calibration image (an array of dots). Three distinct behaviors of the mixing cavities are found based on the injection location within the cavity. Injection at the forward wall resulted in a well organized plume that lifted relatively high into the freestream in a relatively short distance. The plume began with a very highly concentrated area of NO just above the test section floor at the leading edge of the cavity on the center line. As the flow progressed downstream to the midpoint of the cavity, the concentration has dropped considerably as the NO began to diffuse into the shear layer and freestream.
III. Results and Discussion
At the trailing edge of the cavity, or 1.25 inches downstream of the injection port, a very well-defined plume took shape. A relatively high concentration of NO was observed centered just below the top of the plume, extending around the center of the plume. The concentration increased radially from the outside edge of the plume toward the center and then decreases rapidly near the center. The plume maintained its shape and structure 2 in. downstream of the injection port (Fig. 5) .
The standard deviation images showed the most concentrated mixing potential at the leading edge of the cavity. As the NO-laden gas progressed downstream the mixing rate dropped considerably with freestream/shear layer mixing. The areas of highest mixing potential coincided with the areas of highest concentration represented by the brightest locations in the image. The standard deviation increased radially inward toward the center of the plume and then decreased rapidly near the center forming a mixing band that matches the concentration band (Fig. 6) .
The characteristic behavior demonstrated by injecting into the center of the cavity created a layer of relatively equally diffused NO spanning the width of the image (Fig. 7) . This suggested mixing inside the cavity prior to the injectant being expelled or injectant trapped inside the cavity unable to escape into the freestream. Again this behavior was not significantly altered with injection pressure.
Unlike with injection at the upstream wall, no injectant was visible at the leading edge of the cavity. The NO did not propagate upstream in high enough concentrations while inside the cavity to be observed at the leading edge.
The midpoint of the cavity was directly above the injection port. Even at 200 PSIG injection pressure, the characteristics of the cavity's flow dominated the diffusion of the NO above the test section floor. Unlike the plume from upstream wall injection, middle injection produced a very low concentration band of NO spanning the width of the image. Injection in the center of the cavity provided a relatively large volume for the injected fluid to be suppressed. The injectant could disperse radially in all directions from the port in response to flow characteristics. Injection at the upstream wall or downstream wall limited the radial dispersion. A very high concentration of NO was just above the test section floor over the cavity.
As the flow progresses downstream to the trailing edge of the cavity, the band of NO remained in relatively low concentration but gradually lifted above the test section floor. The concentration image in Fig.  7 was collected 2 inches downstream of the leading edge of the cavity and shows that the concentration of NO continued to slowly grow in height and maintained its width. The areas of highest concentration remained near the cavity floor. The band was not as level as it was upstream with the middle of the band becoming higher faster than the edges. This was most likely due transverse momentum from the injection pressure in the middle of the layer of NO.
Again the standard deviation images coincided with the concentration images. There was no mixing at the leading edge. At the midpoint, the highest level of mixing was over the injection port at the center of the cavity. However, the mixing rates near the edges of the image were relatively high, demonstrating a substantial mixing region along the entire width of the cavity.
As the flow progressed downstream to the trailing edge of the cavity, less mixing occurred, but it was more evenly spread throughout the layer of NO, with the highest region of mixing lifting higher into the band. The mixing region maintained the same height across the width of the cavity compared to the concentration images where a peak near the center of the cavity was clearly visible.
At the 2 in. location downstream of the leading edge, the mixing was fairly constant along the entire width and height of the band (Fig. 8) . However, the mixing rate was lower than the previous location. The overall height of the band had increased slightly between the previous and current locations.
Injection at the downstream wall of the cavity provided no visible concentration of NO at the leading edge of the cavity. However, unlike middle injection, NO was visible upstream of the injection port. A thin layer of relatively uniform concentration NO spanned the width of the image taken at the midpoint of the cavity. The mechanism inside the cavity allowing the NO to mix with the shear layer upstream of the injection point was most likely a trapped vortex.
At the trailing edge of the cavity, the concentration of NO was high enough to wash out the lower concentrations spanning the width of the image. Only a small plume over the center of the cavity was observed. The height of the plume was hard to judge because of the high concentration level just above the surface of the test section. At the 2 in. point downstream of the leading edge of the cavity, a clear peak of relatively high concentration NO was seen overlaying the band of NO spanning the width of the image (Fig. 9) . The injection momentum was strong enough to overcome the strength of the vortex and be carried downstream with the flow once outside the cavity.
The standard deviations showed trends consistent with the concentration images. No mixing was visible at the upstream wall of the cavity. Very little mixing was seen at the midpoint of the cavity. The highest level of mixing occurred in the plume formed above the injection port on the downstream wall. The mixing in the band that spanned the width of the image was washed out by the high mixing potential in the plume. By 2 in. downstream of the leading edge of the cavity most of the mixing was localized in the plume moving downstream (Fig. 10) .
The images that every test condition has in common were collection at the leading edge of the cavity and 2 inches downstream of the leading edge. Significant concentration areas and significant mixing areas are found for the 200 PSIG injection condition for every cavity and injection location at the low backpressure setting. Significant areas are created to compare the diffusion rates and mixing potentials of the test conditions. Each image was set to the same palette scale. All the images were then imported into Adobe Photoshop to find the 50% value of the maximum pixel brightness. All pixels within 50% of the maximum brightness were added together. The pixels were then converted to square inches to find the desired area. The results are presented in Table 1 . Injecting into the upstream wall port leads to the lowest concentration areas because a longer distance was covered. The 1.25 in. cavity had a significantly smaller area compared to the other two cavities. Injection into the center port kept the NO near the cavity floor, prevented mixing and leading to a larger area. Downstream port injection created a larger surface for diffusion in the vertical direction compared to middle injection. Downstream port injection had the shortest mixing time, and resulted in a significant mixing potential area for the 1.25 in cavity, and a higher significant area for the 1.00 in. cavity compared to injection at the center port.
For the high back pressure test conditions the injected NO mixes very rapidly in the transverse direction with the freestream due to the increased static pressure and flow field distortions over the cavity from the shock-train. A mean image showing 200 PSIG injection at the upstream port was collected 2 in. downstream of the leading edge of the 1.25 in. cavity and is provided for comparison to the low backpressure test conditions in Fig. 11 . The results are representative of all high backpressure tests. High backpressure conditions are an advantageous mixing environment simulating the ignition transient of a scramjet at low flight Mach numbers. However, a scramjet does not operate in this regime for any appreciable amount of time.
The behavior with upstream injection location and the effect on the flow over the combustion cavity was demonstrated in the profile views of collected for each cavity. Figure 12 is a compilation of the mean images taken at each injection site for 200 PSIG injection pressure at each of the three injection ports inside the 1.25 in. cavity. The camera remained centered in the same location for each image. The palette scales for the images are identical, and the image plane was located at the center of the cavity.
Each side-view image confirmed the information provided from the end-view images. Injection at the leading edge of the cavity lifted the NO into the test section without apparent interference from the flow characteristics within the cavity.
The highest concentration was at the leading edge of the cavity just above the test section floor. The mean image did not suggest that vortices trapped in, or ejected from, the cavity had any substantial effects on the behavior of the injected flow. The injected fluid did not appear to be aided by the upward momentum of a trapped vortex in the cavity in the mean.
The mean image with center injection confirms that the cavity did not allow high concentrations of NO to continuously transition from the cavity to the test section flow. The image shows a layer of uniformly concentrated NO being lifted out of the cavity. The growth rate in the transverse direction (height-wise) was not as rapid as injection at the leading edge of the cavity.
The downstream wall injection image illustrates that on the average, the transverse momentum of the injected jet could overcome any opposing momentum from a trapped vortex within the cavity. A no slip condition at the downstream wall of the cavity may have lessened the downward momentum effects over the injection port for any vortex in the cavity.
As with the end view images, the highest standard deviations and in turn potential mixing rates coincided with the areas of highest concentrations (Fig. 13) . For upstream wall injection, the highest levels of mixing spread both downstream and transversely in the flow. The image suggests that the NO mixes mostly with the shear layer and freestream as the band of mixing lifts above the cavity as it travels downstream. No mixing is apparent at the trailing edge of the cavity.
The standard deviation images in the center injection scenario suggest two possibilities. One is the injectant was suppressed from moving transversely into the freestream by the flow characteristics of the cavity which lead to a slower potential mixing rates. Another is the injectant mixed inside the cavity with the entrained air and then escaped into the freestream. Entrainment into the freestream appeared to be more gradual compared with injection at the forward wall. NO was seen at the leading edge of the cavity but has not entered the shear layer.
The transverse momentum of the injected flow appeared to be suppressed by the flow characteristics of the cavity.
Downstream wall injection produced very strong localized mixing potential at the trailing edge of the cavity. Like center injection, very faint indications of NO mixing with air in the cavity up to the leading edge exist in the image.
The mixing appeared to grow linearly into the freestream until it reached the trailing edge of the cavity where the momentum from the injection began to dominate the local flow. Just downstream of the injection port the mixing potential became more uniform. The standard deviations for the above images are contained in Fig. 15 . Forward injection had the largest area of mixing potential while aft injection had the highest potential mixing rate. There was very little mixing potential observed within the cavity, indicating a higher mixing rate in the cavity resulting in a well mixed medium compared to the freestream.
In the real time analysis of the visual data, both the momentum of the injectant and the flowfield characteristics of the upstream mixing cavity were observed. For upstream wall injection, the transverse momentum of the injectant was the main contributor to injectant escaping into the freestream. However, repeated increases of NOladen gas entrainment to the freestream were distinguishable and consistent. These volumes of NO-laden gas protruded higher into the freestream and contained higher concentrations of NO. These flow characteristics may have been an indication of a periodic momentum exchange between a trapped vortex and the injectant.
Visual data for the center injection test condition demonstrated the similar periodic shedding of volumes of NOladen gas. The escape of injectant into the freestream was dominated by the periodic ejection of volumes of injectant. No evidence of the injection momentum leading to escape of the injectant was observed. The shedding of the trapped vortex appeared to be the dominant characteristic of the flowfield.
For injection at the downstream wall, instances of very high NO-PLIF signal are followed by periods of low signal. The shedding and forming of a vortex may have allowed the transverse momentum of the injectant to dominate the flow between cycles dominated by the vortex. As the visual data were non-time correlated, the period of the vortex shedding could not be determined for any test condition.
B. Pressure Analysis
A qualitative analysis of the static pressures measured along the top and bottom walls of the test section were used for estimating pressure losses. The low backpressure condition was once again the area of interest as the static pressure through the test section for the high backpressure setting did not vary with injection pressure. Higher static pressures suggested a stronger shock system which in turn suggested higher total pressure losses.
Static pressures did not vary greatly through the test section based on cavity size, injection location, or injection pressure. The pressures on the bottom wall were nearly identical for each injection pressure. Injection from the floor of the cavity caused a slightly higher static pressure rise, but not enough for exclusion as a solution. The effect of shock reflections from the top wall could be seen downstream of the cavities. Injection pressure did not affect the strength of the first shock. However, the second compression was slightly stronger based on injection pressure, evidenced by a higher static pressure rise. The last static pressure measurement was the same for each injection pressure, leading to the minimum change in pressure loss through the test section based on injection pressure.
The top wall pressures varied slightly due to shocks or expansions impinging at different locations along the wall based on injection pressure. Injection pressure caused a slightly stronger compression from the downstream edge of the upstream cavity. However, the expansion from the leading edge of the combustion cavity is stronger with higher injection pressure. The compression from the ramp of the combustion cavity returns the flow to equal static pressure.
Investigation into the acoustic oscillations created in the upstream mixing cavity showed similar frequencies in both cavities. However, the oscillations were extremely weak and considered irrelevant to the mixing characteristics -100 decibels (dB). Fast Fourier Transforms (FFT) displayed many similar amplified frequencies in the spectrums of both the upstream mixing and the downstream combustion cavities. However, the amplitude of these frequencies prevented any one frequency from being considered dominant. All frequency responses were of the same magnitude for each test condition and were too weak to lift any mass through the shear layer into the freestream.
IV. Conclusions
The focus of this mixing study was on the low backpressure or purely supersonic flow condition. Raising the backpressure to create shock-train and supersonic-subsonic mixed flow over in the test section significantly increased the freestream mixing rate of any injection configuration.
The primary and secondary objectives of this research effort were successfully accomplished. Characterizations of the mixing effectiveness of upstream cavities coupled with fuel injection inside the cavity in Mach 2 freestream flow were performed using NO-PLIF as a non-intrusive optical diagnostic technique. Determination of the acoustic characteristics of the upstream and downstream cavities was conducted using high frequency response pressure transducers placed in each cavity. Static pressures were measured throughout the test section for qualitative analysis of the pressure losses of each configuration.
The three mixing cavities each demonstrated the same behaviors inside the test section. Injection at the upstream wall of the cavity created a highly organized and stable plume that diffused the injectant into the freestream. Injection at the center of the cavity demonstrated the strength of the flow inside and over the cavity. Even at the highest injection pressure tested, the injectant did not penetrate into the freestream directly over the injection port. Instead, a layer of injectant spanning the width of the image was observed along with periodic shedding of injectant into the freestream. This band grew into and mixed relatively slowly as the flow moved downstream. Injection at the downstream wall of the cavity was injection pressure dependent. High injection pressures allowed the jet to overcome the trapped vortex flow characteristics and penetrate into the freestream, while some injectant moved upstream in the cavity and forms a band in the shear layer similar to injecting at the center. These two behaviors combine as the flow moves downstream.
The significant concentration and mixing area comparisons demonstrated the relative mixing rate of each injection configuration. Injection at the leading edge of the cavity was observed to have a lower significant concentration area as the flow moved downstream, suggesting greater diffusion of the injectant into the freestream. Injection at this location allowed the injectant to diffuse over a longer distance increasing the effective mixing time with the freestream.
Injection at the center location suggested two possibilities for the behavior of the flow. Injectant may have been suppressed from reaching the freestream, causing less injectant to mix with the flow, or mixing may have taken place inside the cavity with the entrained air and then expelled into the freestream. Most of the injectant from middle injection was located near the test section floor and did not diffuse vertically into the freestream. Injection pressure did not alter this behavior. The flow characteristics in the middle of the cavity were assumed dominant over the injection pressure.
Injection at high enough pressures at the downstream wall of the cavity lead to faster mixing compared to injection at the center of the cavity. The injectant had more transverse momentum compared to injection at the center, allowing the band of injectant to grow faster vertically.
The profile images gave evidence that vortices in the cavity strongly affected the mixing abilities of the flow. Injection at the upstream wall of the cavity took advantage of the natural upward momentum while the vortex dominated the other two injection locations. The ejected vortex did not penetrate into the freestream. Instead, the mass ejected remained near the test section floor and merged with the shear layer.
The qualitative analysis of the static pressure data showed the test configuration did not significantly impact pressure changes. Neither cavity size, nor injection location, nor injection pressure significantly altered the static pressure data to determine a configuration with lower total pressure losses. The high frequency response pressure transducers showed that similar frequency spectra existed in both the upstream and downstream cavities, regardless of cavity dimensions, injection location and injection pressure. However, the amplitude of the frequencies was so low that their effect on mixing was negligible.
Because no great pressure losses could be associated with any one configuration, the injection configuration that best satisfies the needs of the downstream cavity can be chosen. No strong acoustic oscillations were found to be created in the upstream mixing cavity during the experiment and thusly none were carried downstream to the combustion cavity. This eliminates the need to match cavities based on acoustic responses to each other. In this experiment the most effective mixing configuration was the 1.25 in. cavity with injection at the upstream wall.
The results of this investigation showed that the inclusion of an upstream mixing cavity can be used to control the behavior of the injectant interaction with the freestream flow. This may lead to the reduction of injection locations necessary to create efficient combustion in the engine. For instance, the lateral spreading of the injectant from a single injection point on the streamwise centerline of the cavity may be used to mix fuel with the entire span of the combustion chamber. The total pressure losses must be quantified to determine if the inclusion of the cavity provides a benefit or hindrance to the engine.
